Abstract. Background: Vitamin D mediates its action via vitamin D receptor (VDR) and is involved in a wide
carcinogenesis remains controversial. Significant associations between VDR polymorphisms and breast (Fok1, Bsm1, Apa1), prostate (Fok1, Bsm1, Taq1), colorectal (Fok1, Bsm1, Taq1) and skin cancer (Fok1, Bsm1, Taq1) have been reported (9) . For instance, the CDX2 polymorphism (SNP -rs11568820) of the VDR gene has been associated with cancer susceptibility amid varied results. Various researchers have conducted the meta-analysis to establish the viable association between VDR polymorphism and cancer risk (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . A meta-analysis including 25 separate studies totaling 34,018 individuals published prior to March 2015 for CDX2 polymorphism association with cancer conducted by Dai et al. demonstrated that in the homozygous model, CDX2 mutations were significantly associated with an increased cancer risk of colorectal and ovarian cancer, particularly in AfricanAmerican but not in Caucasians or Asians (10) . Data-analysis of dominant, homozygous and recessive comparison models yielded a significant association between cancer risk and CDX2 mutations in African-Americans. Stratifying the data by cancer types showed a strong association between VDR CDX2 polymorphisms and an amplified risk of colorectal and ovarian cancer (10) . Gandini et al. analysed the association between VDR polymorphisms (Fok1, Bsm1, Taq1, Apa1, and Cdx2) and various types of cancer such as ovarian cancer, renal cell carcinoma, thyroid carcinoma, hepatocellular carcinoma (HCC), sarcoma, skin (melanoma and nonmelanoma skin cancer), bladder cancer, non-Hodgkin's lymphoma, leukaemia, oesophageal adenocarcinoma (EAC), head and neck and oral squamous cell carcinoma including 79 independent studies, for a total of 52427 cases and 62225 controls (9) . The study concluded that significant associations exist between VDR polymorphisms and prostate (Fok1, Bsm1, Taq1), breast (Fok1, Bsm1, Apa1), colorectal (Fok1, Bsm1, Taq1) and skin cancer (Fok1, Bsm1, Taq1) (Figures 1 and 2) .
A meta-analysis between VDR polymorphism including Cdx2 (rs11568820), FokI (rs2228570), BsmI (rs1544410), ApaI (rs7975232), and TaqI (rs731236) and the risks for female reproductive cancer such as breast, ovarian, cervical, endometrial, uterine and vaginal cancer, found an increased risk of developing breast and ovarian cancers with FokI polymorphism and reduced risk with BsmI polymorphism (19) . A meta-analysis for the association between VDR ANTICANCER RESEARCH 37: 3991-4003 (2017) 3992 polymorphism (TaqI, ApaI, and Cdx2) and the risk of basal cell carcinoma, colorectal cancer, EAC, hepatocellular carcinoma, head and neck cancer, non-Hodgkin lymphoma, oral squamous cell carcinoma, renal cell carcinoma, squamous cell carcinoma, and thyroid carcinoma found Cdx2 gg versus GG to be associated with a significantly increased risk for all cancer types and TaqI was associated with significantly increased risk for colorectal cancer (21) (Figures 1 and 2 ). Significant variations in frequency were also existent between diverse ethnic groups. VDR genotypes may have more significance when grouped with specific haplotypes, or when linked to additional gene polymorphisms involved in the vitamin D pathway, or when stratified by different tumor type or patient background (21) . Nevertheless, there are clear intersections between the ability of VDR to function properly and carcinogenesis in a number of indications. This section focuses on the effect of VDR polymorphisms in the entire gastrointestinal tract -where vitamin D-related patient management strategies hold much promise.
Female Reproductive Tract Cancer
VDR polymorphism has been associated with cancer of the female reproductive including breast, ovarian, cervical, endometrial, uterine, and vaginal cancer (19) . Increased expression of VDR has been found in breast cancer and inversely related to aggressive tumor characteristics, including large tumor size, hormonal receptor (HR) negativity, triplenegative subtype [estrogen-receptor (ER) negative, progesterone receptor (PR) negative, and human epidermal growth factor receptor 2 (HER2) negative], and expression of proliferative marker Ki-67 (23) . Similarly, various casecontrol studies suggested that the association between VDR polymorphism and risk of breast cancer may depend on race and ethnicity. Furthermore, these studies also showed inconsistent results, some suggesting the association of VDR polymorphism with breast cancer, while others suggested a lack of association (3, 19, (24) (25) (26) (27) (28) (29) (30) (31) . No association between VDR polymorphisms and breast cancer risk was found, however, modification of this relationship was observed with the menopausal status in Europeans (VDR rs4328262 and rs11168292) and East Asians (VDR rs11168287). Furthermore, heterogeneity by tumor subtype was also seen for rs1544410, rs7967152 and rs2239186 VDR polymorphisms in Europeans (30) . These case-control and meta-analysis studies suggest that VDR polymorphism may be associated with increased risk of breast cancer (Table I) and poly(A) on development of breast cancer from 1996 to 2015 and suggested that due to the inconsistent results of various studie, no conclusive evidence associates the risk of breast cancer with VDR polymorphism (32) . Similarly, the inconsistent results of the studies shown in Table I suggest the need for further research.
Prostate Cancer
Prostate cancer is the most common malignant tumor in older men across the globe. The incidence of prostate cancer is increasing worldwide while ethnic origin, family history, hormonal status, dietary structure, age and low vitamin D levels are risk factors for prostate cancer (36, 37) . Furthermore, studies have reported the association between VDR polymorphism with an increased risk of prostate cancer (36, 38) . However, the results of various studies were disputable and contradictory (39, 40) . Most of the studies found no association between VDR polymorphism and prostate cancer (13, 22) , however, Nunes et al. found correlation between CC genotype (TaqI) with age (>58 years old), and GG (BsmI) with lower prostate-specific antigen (PSA) levels (<10 ng/ml) (41) . Aassociation between a significantly increased estimated chance of PSA <10 ng/ml with G allele (BsmI) and 9.75-fold increased chance of patients with prostate cancer having a lower PSA level with GG/GG genotype (BsmI/ApaI) was also found. Recently, various metaanalysis and case-control studies have been conducted to find a relation between VDR polymorphism (TaqI, FokI, Cdx2, ApaI, BsmI, rs731236, rs7975232, rs731236, rs1544410, rs3782905, rs1544410, and rs2239185) and risk of prostate cancer (11, 13, 18, 22, (41) (42) (43) (44) . VDR polymorphism FolkI, Cdx2, and ApaI were not found to have any association with an increased risk of prostate cancer. VDR polymorphism TaqI, BsmI, rs731236, rs7975232, rs731236, rs1544410, rs3782905, rs1544410, and rs2239185 were found associated with increased risk of prostate cancer (Table II) . However, the association varies with race (Asian, Caucasian, and African-American) and the genotypephenotype-based relationship of VDR. Recently, a case-control study investigating the possible associations of VDR polymorphism (FokI, BsmI, ApaI and TaqαI), and the cytochrome P-45017 alpha (CYP17) gene (the MspA1I locus) with prostate cancer among Lebanese men suggested that the overall polymorphism profile of every gene involved in prostate physiology is a better indicator than polymorphisms in individual genes (45) . Table III) . The mutated allele was found to cause the appearance of a GATA-1 binding site. GATA-1 turns off transcription, which could explain how the presence of a mutated VDR gene would suppress inflammation and rapid cell proliferation in that region (47) . The relationship between vitamin D and oesophageal cancer is essentially the opposite to that seen in other cancerous conditions. Whereas abundant and highly functioning vitamin D/VDR pathways are seen to reduce cancer risk, the likelihood of oesophageal cancer and its affiliated precursor diseases is heightened with robust vitamin D pathway activity. Another meta-analysis also found a significant association of reduced risk of oesophageal cancer with VDR SNPs, suggesting that a dysfunctional vitamin D network is advantageous in oesophageal cancer (48) . Understanding the mechanisms of action of the VDR haplotype in oesophageal cancer could be of clinical utility by identifying patients in whom vitamin D chemoprevention would be efficacious. One of the potential explanations for the inverse relationship seen between vitamin D and oesophageal cancer is that VDR has been recently characterized as a bile acid receptor in addition to its wellcharacterized role as a vitamin receptor. Reflux of bile acid into the most distal parts of the oesophagus is one of the pervasive causes of dysplastic progression into EAC (48, 49) . Vitamin D plays a crucial role in the pathogenesis of colorectal cancer and epidemiological research has put forth evidence that vitamin D plays a protective role against colorectal cancer (50) . The role of polymorphisms of VDR and CYP27B2 and CYP24A1, which are involved in the production and suppression of vitamin D, have all been linked to colorectal cancer risk (51 (52) . Another study in Japan found an association between common genetic variations in VDR and risk of colorectal cancer. The researchers selected 29 VDR SNPs and concluded a limited association existed between VDR polymorphism and risk of colorectal cancer (53) . Furthermore, another cohort study suggested little effect of the variants in the VDR gene on the risk of colorectal cancer (54) . Adenomatous polyps are the precursor for colorectal cancer and a study found FokI to be associated with modified risk for adenomatous polyps in males and association of BsmI/ApaI/TaqI haplotype in females (55) . The inconsistent results for the association between VDR polymorphism and risk of colorectal cancer indicate the need for further research as well as epidemiological studies in larger cohorts (Table III) .
Cancer of the Gastrointestinal Tract

Skin Cancer
The protective effect of vitamin D against ultraviolet radiation-induced DNA damage and skin cancer development and the protective role of vitamin D in reducing skin cancer have been discussed. However, the association between vitamin D and the risk of skin cancer, including melanoma and keratinocyte carcinoma, is still unclear. Vitamin D intake has been positively associated with risk of basal cell carcinoma and melanoma, while non-statistically significantly reducing the incidence of squamous cell carcinoma and melanoma (61, 62). The main risk factors associated with skin cancers are sun exposure and skin phototype, anticarcinogenic and procarcinogenic effects of vitamin D. Along with these factors, VDR polymorphism is also involved in the pathogenesis of skin cancer and may increase the susceptibility for malignancy (14) . The association of Fok1, Taq1, Apa1, and Bsm1 polymorphisms with skin cancer including the studies up to 2014 has been discussed by Ombra et al. (63) . Recent studies have suggested VDR polymorphism as a risk factor for skin malignancies (14, 15) (Table IV) . A meta-analysis showed that VDR polymorphism is associated with the risk of keratinocyte cancer, while rs2228570, rs927650 and rs1544410 recessive genotypes are associated with a reduced risk of squamous cell carcinoma. VDR rs7975232 and rs739837 recessive genotypes were also associated with a reduced risk of basal cell carcinoma (14) . Another study found an association of Bsml polymorphism with melanoma in Europeans (15) . Furthermore, a meta-analysis by Orlow et al. found a significant association between VDR polymorphism and melanoma-specific survival, however, no significant association was found between Breslow thickness, ulceration or mitosis, and VDR polymorphism (64) . These results suggest the need for more research.
Urinary Tract Cancer
Vitamin D and VDR are involved in cell division, cell adhesion, and cell function. A normal renal function is necessary for vitamin D metabolism. The role of vitamin D, VDR, and retinoid-X-receptor in inhibition of cell proliferation and angiogenesis and induction of differentiation and apoptosis, and in the pathogenesis of renal cell carcinoma (RCC) has been discussed. Both low and high levels of circulating vitamin D have been associated with higher risk of death from any cause among RCC cases (66) (67) (68) . This indicates that vitamin D levels may affect the pathogenesis of RCC and VDR might be involved in RCC carcinogenesis. Recent case-control studies by Yang et al. (66) and Pospiech et al. (69) suggest the association of increased risk of RCC with VDR polymorphism. There is experimental and epidemiological evidence that vitamin D has a protective role against bladder cancer, however, the causal relationship is unclear (2, 70, 71 Ben Fradj et al. suggest that ff genotype and f allele of FokI polymorphism are associated with increased risk of urothelial bladder cancer (70) . Furthermore, the associations of ApaI, BsmI, Fok1, and Taq1 polymorphisms with RCC and prostate cancer, Fok1 with bladder cancer, VDR in relation to testicular cancer and testicular germ cell tumors have been reviewed (2) . The results of the studies reported in Table V suggest that VDR polymorphisms may be risk factors for urological cancer. However, due to the limited number of studies, the evidence for a clear association between urological cancer and VDR polymorphism is not concrete and more epidemiological studies needed.
Paediatric Tumors
Vitamin D plays a crucial role in regulating cellular homeostasis and proliferation. The role of vitamin D in the pathogenesis of various cancer types has been discussed in the literature as described above in relation to breast, prostate, gastric, and colorectal, etc. in adults. Vitamin D deficiency has been associated with increased prevalence of childhood cancer (72, 73) . Vitamin D also plays a role in bone homeostasis and metabolism and its deficiency play a role in inflammation and the pathogenesis of osteoporosis and osteoarthritis (74) . Furthermore, the association of osteosarcoma and Ewing sarcoma with a significantly higher frequency of the Ff genotype for the FokI polymorphism suggests the role of VDR polymorphism in bone tumors (75) .
In a pediatric population, no association of VDR polymorphism and Hodgkin's lymphoma was found (76) .
However, in the case of pediatric solid tumors, a weak association between CT and CC genotype of FokI with reduced risk of pediatric solid cancer occurrence was reported (24) . Moreover, the association of VDR polymorphic variant rs1544410 with minimal residual disease in pediatric B-cell precursor acute lymphoblastic leukaemia at day 15 suggests a prognostic value as well as the pathogenic role of this VDR polymorphism (77) . Furthermore, the case-control studies in Table VI suggest that VDR polymorphism has an association with reduced pediatric solid tumors (FokI), no association with Hodgkin's lymphoma, and may affect bone mineral density, patient height and overall survival. Vitamin D level and VDR expression may also serve as predictors for the occurrence and overall survival of solid tumors in the pediatric population (24, 75, 76, 78) . The effects of VDR polymorphisms on tumourigenesis and other parameters indicate the need for deeper research into the role of VDR polymorphisms and their effects on vitamin D metabolism pertains to the human physiology.
Haematological Cancer
A study on the association of plasmablastic B-cell malignancies including plasmablastic lymphoma, subsets of multiple myeloma, and diffuse large B-cell lymphoma and VDR polymorphism found that the Fok1 polymorphism was associated with greater vitamin D3-dependent tumor growth inhibition. The findings of the study suggest the possible therapeutic benefit of the disruption of the VDR pathway activity in order to enhance susceptibility to vitamin D treatment in these malignancies (79) . Another study in a Chinese Han population on the association of VDR polymorphisms rs2228570 (FokI) and rs731236 (TaqI) and multiple myeloma susceptibility including 113 patients and 117 healthy controls reported that rs2228570 TT genotype and mutant C allele of rs731236 are significantly associated with increased risk of multiple myeloma. The study concluded that the polymorphisms rs2228570 and rs731236 might be important genetic factors in the susceptibility to multiple myeloma (80). Esfahani et al. studied the association of VDR polymorphisms (FokI, BsmI, TaqI and ApaI) with acute myeloid leukaemia involving 133 patients and 300 controls and found a significant association between VDR polymorphism and acute myeloid leukaemia, and association of Taql with complete remission (81).
Additional Cancer-related Interactions of VDR polymorphisms
Along with cancer of female genital tract, prostate, gastrointestinal tract, urological tumors, skin cancer, and pediatric tumors, VDR polymorphisms may also play a role in the carcinogenesis of lung and thyroid cancer. A casecontrol study including 426 patients with non-small cell lung cancer (NSCLC) and 445 controls from China studying VDR polymorphisms rs1544410 and rs731236 found a statistically significant relation between VDR polymorphism and reduction in NSCLC risk (82) . Furthermore, the association of increased VDR mRNA expression with worse prognostic factors in papillary thyroid carcinoma suggests the role of VDR in thyroid cancer (83) . Since vitamin D deficiency is associated with thyroid diseases and its metabolism is regulated by thyroid hormone, VDR polymorphism may play a role in pathogenesis and prognosis of thyroid cancer (84) . A recent meta-analysis found a clear and strong association between low levels of baseline vitamin D and poorer survival and an association between VDR genetic variants and survival [rs7975232 (ApaI) with progression-free survival; rs1544410 (BsmI) with overall survival; and rs2228570 (FokI) with overall survival] in lung cancer. However, from all the observational studies included in this meta-analysis, a causal relationship was not conclusively established (85) .
Conclusion
The results of various studies suggest the crucial role of VDR polymorphism (mainly FokI, ApaI, BsmI, and TaqI) in tumorigenesis of various cancer types by affecting vitamin D metabolism and the cellular response to vitamin D. From the above-discussed studies, it is also obvious that the association between VDR polymorphism and tumorigenesis varies with age, sex, race and ethnicity. The results of these studies also suggest that studying VDR polymorphisms in order to strengthen our understanding of the vitamin D pathway could provide additional evidence for its protective therapeutic role against cancer development (33, 79) . VDR polymorphisms might also serve as indicators for diagnosis, occurrence, and prognosis as well as survival in cancer (24, 64, (75) (76) (77) (78) (83) (84) (85) . There have been many epidemiological studies of breast, prostate and colorectal cancer, however, there are limited reports on the association of VDR polymorphism with lung, thyroid, oesophageal, ovarian, renal and hepatocellular carcinoma. These studies have shown the association of VDR polymorphism with increased risk of cancer, reduced risk of cancer, as well as no association. Thus, there is a need for more studies with larger cohorts in order to establish the significant associations and causal relationships between VDR polymorphism and cancer. Additionally, genetic variation in the vitamin D pathway should be considered when designing potential intervention strategies with vitamin D supplementation.
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